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http://dx.doi.org/10.1016/j.jfma.201Background/Purpose: Stroke is one of the most devastating complications after cardiac sur-
gery. Off-pump coronary artery bypass (OPCAB) has been reported to offer a lower risk of
stroke. However, limited information was available on timing and mechanisms of stroke after
OPCAB. We sought to assess the incidence, timing, and mechanisms of stroke after OPCAB.
Methods: A retrospective review of 1010 patients undergoing systematic OPCAB between 2001
and 2012. Stroke was defined as any focal or global neurologic deficits lasting for more than 24
hours. Stroke was classified as early stroke when it occurred less than 24 hours postoperatively,
and delayed stroke when it occurred more than 24 hours postoperatively. Stroke mechanisms
were classified as embolic or hypoperfusion.
Results: In a total of 10 patients (1.0%) 11 episodes of stroke developed after OPCAB. Early
stroke occurred in five (0.5%) patients and delayed stroke occurred in six (0.6%) patients. Of
five early strokes, the mechanisms were embolic in two (40%) and hypoperfusion in three
(60%). Of six delayed strokes, the mechanisms were embolic in five (83%) and unknown in
one. Of six delayed strokes, all the patients had diabetes mellitus and acute cardiac events
prior to surgery, and five patients had postoperative atrial fibrillation.
Conclusion: The incidence of stroke after systematic OPCAB was low. Early and delayed strokes
were equally distributed. Stroke mechanisms were predominantly embolic. Early and delayed
stroke differed in their mechanisms. Early and delayed stroke should be considered as two sepa-
rate entities and different preventive strategies should be applied in future intervention.
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Perioperative stroke is one of the most devastating compli-
cations after cardiac surgery, and it can lead to severe debil-
itation and excess mortality.1e4 Perioperative strokes are
predominantly ischemic, and the timingof strokeafter cardiac
surgery shows a bimodal distribution, with early and delayed
strokes.4e13 However, previous research efforts have focused
primarily on identifying perioperative risk factors,5,7,9e12 and
not much work has focused on understanding their mecha-
nisms.4,6,13 Without this information, we are unable to un-
derstand how best to prevent perioperative stroke. Thus, an
understanding of themechanisms of early and delayed strokes
and whether they differ has important implications for po-
tential preventive strategies in future investigations.
Coronary artery bypass grafting (CABG) is one of the
most common types of cardiac surgery performed in adult
patients. It has traditionally been performed with the use
of cardiopulmonary bypass. Cardiopulmonary bypass has
been suggested to be related to the development of peri-
operative stroke.1e13 The technique of operating on a
beating heart or off-pump coronary artery bypass (OPCAB)
was developed to decrease postoperative complica-
tions.14,15 OPCAB has been reported to offer a lower risk of
stroke.3,9e13,16 However, limited information was available
on the timing and mechanisms of perioperative stroke in
the setting of OPCAB.9e12 The purpose of this study was to
assess the incidence, timing of onset, and mechanisms of
perioperative stroke after systematic OPCAB.
Materials and methods
Patients
In this retrospective study, we included all consecutive
patients undergoing systematic OPCAB between December
2001 and January 2012 at the National Taiwan University
Hospital (Taipei, Taiwan). No patient was excluded from
OPCAB because of the pattern of coronary artery disease,
presence of cardiogenic shock, or emergency surgery.
All data were collected by retrospective chart review.
Intention-to-treat data were obtained in the current study.
OPCAB cases that were converted to on-pump procedures
remained in this study. The local institutional medical
ethics committee approved the study and waived the need
for informed consent.
A total of 1010 consecutive patients underwent sys-
tematic OPCAB. There were 809 males and 201 females,
with the median age of 67 years (range, 26e91 years). Mode
of surgical intervention was elective in 737 patients, urgent
in 176 patients, and emergency in 97 patients. The hospital
mortality rate was 0.4 % in elective cases, 8% in urgent
cases, and 33% in emergency cases. The major causes of in-
hospital death were severe cardiogenic shock in 28 pa-
tients, severe sepsis in 18 patients, ischemic stroke in two
patients, and aortic rupture in one patient.
Surgery
Beginning in December 2001, we started a systematic
approach to treat all patients with coronary artery diseasewith OPCAB. Surgery was performed through a median
sternotomy. The heparin dose is two-thirds of the standard
dose for cardiopulmonary bypass. The target activated
clotting time is more than 350 seconds. This is partially
reversed with one-half of the calculated protamine dose
after the completion of coronary anastomosis. Cardiopul-
monary bypass was on standby without priming the pump.
Distal anastomoses were performed using a suction-type
coronary stabilizer and intracoronary shunt. Pericardial
traction suture and apical suction device were not used for
assistance. The usual order of bypass was anterior wall,
posterior wall, and lateral wall. Surgery was converted to
on-pump beating heart coronary artery bypass if hemody-
namic compromise was present during the procedure.17
Definition
Stroke definitions were according to the routine guide-
lines,1e13 and included any focal or global neurologic defi-
cits lasting for more than 24 hours. A neurologist was
consulted when a stroke was suspected and imaging study
was arranged. Noncontrast brain computed tomography
was the initial study of choice. If the patient’s hemody-
namic status was stable, brain magnetic resonance imaging
will be arranged when the result of the initial study was
negative. The imaging diagnosis of stroke was confirmed by
a radiologist. Stroke was classified as early stroke when a
permanent new focal neurologic deficit occurred immedi-
ately after awakening from the surgery. Delayed stroke was
defined as the neurologic deficit occurring after the
awaking from surgery without a neurologic deficit.4e13
Stroke appearing after discharge was not considered in
this study.
Mechanism
The mechanism of stroke was classified by clinical presen-
tation and imaging findings.4,6,13 There are two types of
strokes: ischemic and hemorrhagic. There are three major
mechanisms of ischemic stroke: thrombotic, embolic, and
hypoperfusion. Hemorrhagic and thrombotic strokes are
extremely rare after isolated CABG.4,6,13 Although some
cases might have mixed mechanisms, we classified the most
possible mechanism of perioperative stroke into either
embolic or hypoperfusion strokes.
Embolic stroke was characteristic of multiple infarcts in
multiple territories and predominantly occurred in the
distribution of the middle cerebral artery.6 There are two
predominant causes of embolic strokes: cardiogenic and
noncardiogenic. Cardiogenic embolism may originate either
from the atrium, in cases of atrial fibrillation, or from the
ventricle, in cases of recent myocardial infarction or left
ventricular aneurysm. Noncardiogenic embolism may orig-
inate from atherosclerotic plaque from carotid arteries, the
aortic arch, or the ascending aorta.
Hypoperfusion strokes may arise from a combination of
extracranial or intracranial cerebral artery stenosis and
systemic hypotension.6,13 Typically, hypoperfusion stroke in
patients with carotid or cerebral artery stenosis leads to
watershed or large cerebral infarcts (Fig. 1). Hypoperfusion
stroke in patients with stenosis of the small penetrating
Figure 1 A 71-year-old man with an altered mental state and
left hemiplegia immediately after off-pump coronary artery
bypass. Postoperative magnetic resonance imaging and angio-
gram shows an acute subcortical infarct and total occlusion of
the right internal carotid artery.
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stroke.Results
Stroke
In a total of 10 patients (1.0%) 11 episodes of perioperative
stroke developed after surgery. The incidence of stroke was
slightly increased during the study period, from 0.7% in the
years 2001e2005 to 1.2% in the years 2006e2012. Patientcharacteristics are presented in Tables 1 and 2. There were
nine men and one woman with the median age of 71.5 years
(range, 56e85 years). Only one patient had a history of
stroke prior to surgery. All the patients had multivessel
coronary artery disease, and three patients had significant
left main disease. Five patients had impaired left ventric-
ular ejection fraction. None of our patients had preopera-
tive atrial fibrillation. The mode of surgical intervention
was elective in five patients, urgent in four patients, and
emergency in one patient. A European System for Cardiac
Operative Risk Evaluation (EuroSCORE) greater than 5 was
present in seven patients. OPCAB was successfully per-
formed in eight cases. Surgery was converted to on-pump
beating heart coronary artery bypass in two cases.
Early stroke occurred in five patients (0.5%) and delayed
stroke occurred in six patients (0.6%). Early and delayed
strokes were observed in a 56-year-old man undergoing
urgent OPCAB for acute myocardial infarction (Tables 1 and
2). Diabetes mellitus was present in two of five early stroke
patients, and six of six delayed stroke patients. Acute
myocardial infarction or acute heart failure was present in
two of five early stroke patients, and six of six delayed
stroke patients. The median onset time of delayed stroke
was 7 days (range, 3e10 days) after surgery. Postoperative
atrial fibrillation was present in five of six delayed stroke
patients. The overall hospital mortality rate was 10% (1/
10): 0% (0/5) in early stroke and 17% (1/6) in delayed stroke
(Table 2).Mechanism
The mechanisms of early and delayed stroke were listed in
Table 2. They were embolic in seven episodes, hypo-
perfusion in three episodes, and unclassified in one
episode.
In early strokes, the mechanisms were classified as
embolic in two episodes (40%) and hypoperfusion in three
episodes (60%). Imaging studies showed multiple cerebral
infarcts (embolic) in two episodes, lacunar infarcts (hypo-
perfusion) in two episodes, and single acute cerebral
infarct (hypoperfusion) in one episode. In the two episodes
of early multiple cerebral infarcts, the emboli were arising
from atherosclerotic ascending aorta in an 85-year-old
man, and probably from the acutely infarcted left ventricle
in a 56 year-old man (Table 2). As shown in Table 2, three
patients had early hypoperfusion stroke, and two of them
were presented as lacunar strokes. A 71-year-old man had
an early acute infarct over the territory of right middle
cerebral artery (Fig. 1), which was caused by a critical
stenosis of the right internal carotid artery and intra-
operative hypoperfusion (Fig. 1). None of our patients had
early embolic stroke directly related to the use of cardio-
pulmonary bypass.
In delayed strokes, the mechanisms were classified as
embolic in five episodes (83%) and unknown in one episode
(Table 2). Imaging studies showed multiple cerebral infarcts
(embolic) in five patients, and negative in one patient
(unclassified). All the delayed stroke patients had diabetes
mellitus and acute cardiac events prior to surgery. The
acute cardiac events included acute myocardial infarction
in five patients and acute decompensated heart failure in
Table 1 Demographic data stratified by timing of stroke after systematic off-pump coronary artery bypass.
Case Sex Age
(y)
Disease vessel Left
main
LVEF,
%
Medical disease Cardiac event
prior to surgery
Additive
EuroSCORE
Early
1 Male 72 Three vessel none 38 DM HT anemia AMI 8
2 Male 71 Three vessel none 77 CRI none 3
3 Male 71 Two vessel 50% 68 COPD none 4
4 Male 85 Three vessel 80% 41 HT none 7
Both
5 Male 56 Three vessel 70% 52 DM HT AMI 4
Delayed
6 Male 81 Three vessel none 43 DM PAD AMI 14
7 Male 83 Three vessel none 31 DM AMI 6
8 Female 84 Three vessel none 57 DM HT Old
stroke anemia
AMI 17
9 Male 71 Three vessel none 40 DM HT Acute heart failure 6
10 Male 64 Three vessel none 72 DM HT AMI with VT 8
AMI Z acute myocardial infarction; COPD Z chronic obstructive pulmonary disease; CRI Z chronic renal insufficiency; DM Z diabetes
mellitus; EuroSCORE Z European System for Cardiac Operative Risk Evaluation; HT Z hypertension; LVEF Z left ventricular ejection
fraction; PAD Z peripheral artery disease; VT Z ventricular tachycardia.
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had postoperative atrial fibrillation (Table 2), and one of
them died of severe brainstem infarct. A 64-year-old man
had a delayed stroke 5 days after operation (Table 2). He
underwent urgent OPCAB because of acute myocardialTable 2 Surgery data and clinical outcome stratified by timing
Case Mode of
operation
Method of
CABG
Onset of
stroke
Clinical
presentation
Early
1 Elective On-pump
beating heart
Early Hemiparesis
2 Elective Off-pump Early Hemiparesis
3 Elective Off-pump Early Hemiplegia
4 Elective Off-pump Early Bilateral
hemiplegia
Both
5 Urgency Off-pump Early and
delayed
10 days
Bilateral
hemiplegia
Delayed
6 Emergency On-pump
beating heart
Delayed
4 days
Bilateral
hemiplegia
7 Elective Off-pump Delayed
10 days
Coma
8 Urgency Off-pump Delayed
9 days
Hemiplegia
9 Urgency Off-pump Delayed
3 days
Hemiplegia
10 Urgency Off-pump Delayed
5 days
Hemiparesis
CT Z computed tomography; MRI Z magnetic resonance imaging; POinfarction and ventricular tachycardia. The patient was
hemodynamically stable and symptoms presented as acute
hemiplegia, which recovered spontaneously to hemiparesis
within 24 hours of onset. The brain imaging study was
negative and the mechanism was unclassified.of stroke after systematic off-pump coronary artery bypass.
Extent of stroke
on imaging
Plausible
mechanism
Other postoperative
complication and
hospital outcome
Lacunar (MRI) Hypoperfusion Atrial fibrillation
(POD2)
Lacunar (CT) Hypoperfusion Atrial fibrillation
(POD3)
Middle cerebral
artery (CT/MRI)
Hypoperfusion
with critical
carotid stenosis
none
Multiple (CT) Aortic
atherosclerosis
and embolic
Atrial fibrillation
Multiple (CT) Cardiogenic
embolism
Atrial fibrillation
Multiple (CT/MRI) Cardiogenic
embolism
Atrial fibrillation
Cerebellum and
brainstem (CT/MRI)
Cardiogenic
embolism
Atrial fibrillation
In-hospital death
Multiple (CT) Cardiogenic
embolism
Atrial fibrillation
Multiple (MRI) Cardiogenic
embolism
Atrial fibrillation
Negative (CT) unknown none
D Z postoperative day.
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Although several independent risk factors of stroke after
isolated CABG have been identified, few published data
exist with respect to the timing and mechanism of stroke
after OPCAB.4,6,13 To the best of our knowledge, this is the
first study addressing the clinical presentation, imaging
findings, and mechanisms of early and delayed stroke after
systematic OPCAB. In the current study, the incidence of
stroke after systematic OPCAB was low. Stroke mechanisms
were predominantly embolic. Early and delayed stroke
differed in their mechanisms. Early and delayed stroke
should be considered as two separate entities.
Because the type of cardiac surgery and cardiopulmo-
nary bypass affected the incidence of perioperative stroke,
the focus of this study was on a homogeneous group of
patients who underwent OPCAB. In Table 3, we summarized
the results of previous studies addressing the incidence of
early and delayed strokes after isolated CABG.4e6,8e13 The
post-CABG stroke incidence varied between 1.3% and 3.4%,
with 0.4e2.5% in early stroke and 0.9e1.3% in delayed
stroke (Table 3).
The theoretical benefits of OPCAB were avoidance of
cardiopulmonary bypass. However, the effect of OPCAB on
perioperative stroke remains a topic of controversy, with
recent reports offering opposite conclusions, some showing
a reduction in stroke but others showing no effect.11,18,19 In
an updated meta-analysis of 59 randomized trials encom-
passing 8961 patients, the incidence of stroke after OPCAB
was 1.4%, and there was a 30% reduction in the occurrence
of perioperative stroke with OPCAB.16 The post-OPCABTable 3 Comparison of the incidence and mechanisms of early
isolated coronary artery bypass grafting and off-pump coronary a
First author Toumpoulis IK9 Filsoufi F8 Nishiyama
Year 2008 2008 2009
Country USA USA Japan
CABG number 4140 2985 2516
Stroke number 138 48 46
Stroke Incidence 3.40 1.60 1.80
Early stroke 2.50 0.80 0.70
Delayed stroke 0.90 0.80 1.10
Mechanisms
Embolic NA 76 NA
Hypoperfusion 15
Mixed 9
Lacunar 0
Thrombotic 0
Hemorrhagic 0
Unknown 0
OPCAB number 305 416 1117
OPCAB % 7.60 14 44
Stroke number 10 6 11
Stroke Incidence 3.30 1.40 1.00
Early stroke 1.00 NA 0.10
Delayed stroke 2.30 NA 0.90
Data are presented as %, unless otherwise indicated.
CABG Z coronary artery bypass grafting; NA Z not available; OPCABstroke incidence varies between studies and it depends
on the center’s or surgeon’s experience. The stroke inci-
dence after OPCAB was low (<1%) in experienced cen-
ters,20e23 intermediate (1.4%) in randomized studies,16 and
high (3%) in the real-world registry data.24
Limited information was available on the timing of
perioperative stroke in OPCAB. In Table 3, we summarized
the results of previous studies addressing the timing of
strokes after OPCAB.8e13 The post-OPCAB stroke incidence
varied between 0.3% and 3.3%, with 0.1e1.0% in early
stroke and 0e2.3% in delayed stroke (Table 3). However,
the reported incidence might be underestimated. Patient
selection bias existed and not all patients with coronary
artery disease were treated with OPCAB. Certain high-risk
patients with diffuse coronary artery disease, poor ven-
tricular function, critical left main disease, or acute
myocardial infarction were excluded in several previous
studies.3,9e12,16,18,19,21,24 Our single-center, retrospective
review of systematic OPCAB during an 11-year period found
that stroke complications were infrequent (1%). The inci-
dence of early and delayed stroke after systematic OPCAB
was 0.5% and 0.6%, respectively.
It has been reported that early stroke had a dual risk
pattern with background atherosclerosis burden and risks
related to cardiopulmonary bypass.5,7,9e12 Delayed stroke
also had a dual risk pattern with background atherosclerosis
burden and risks related to perioperative cardiac even-
ts.5,7,9e12 OPCAB reduced the incidence of perioperative
stroke mainly by minimizing early strokes.10 The risks
related to perioperative cardiac events included unstable
angina, myocardial infarction, heart failure, andand delayed stroke in studies involving patients undergoing
rtery bypass.
K10 Tarakji KG11 Lee EJ13 Hedberg M12 Hsu RB
(this study)
2011 2011 2011 2012
USA Korea Sweden Taiwan
45432 1367 7839 1010
705 33 248 10
1.60 2.40 2.70 1.00
0.60 1.10 1.60 0.50
0.90 1.30 1.10 0.60
NA 52 NA 60
45 30
0 0
3 0
0 0
0 0
0 10
2163 684 297 1010
10 50 3.80 100
16 18 1 10
0.70 2.60 0.30 1.00
0.10 NA 0.30 0.50
0.60 NA 0 0.60
Z off-pump coronary artery bypass.
Early and delayed stroke after OPCAB 993postoperative atrial fibrillation. In the current study, we
had a similar result. Critical carotid artery stenosis and
ascending aorta atherosclerosis each were present in one
early stroke patient. In those patients with delayed stroke,
there was a very high incidence of diabetes mellitus (100%),
perioperative cardiac events (100%), and postoperative
atrial fibrillation (83%).
Strokes after CABG are known to occur in several ways.
Embolic stroke was most common.6 Early stroke may be
caused by emboli arising from manipulation of the heart or
atherosclerotic aorta. Early stroke may occur as a result of
intraoperative hypoperfusion in those patients with preex-
isting carotid or cerebral artery atherosclerosis.13 Patients
with advanced age, hypertension, and diabetes may also
have a narrowing of small penetrating arteries6 or impaired
cerebral autoregulation,25 which lead to a susceptibility to
lacunar stroke in the setting of hypoperfusion.
Delayed stroke was predominantly embolic. Late emboli
may be attributed to myocardial infarction or postoperative
atrial fibrillation.6 Plausible sources of cardiogenic embo-
lism were detected in 50% of nonatherosclerotic stroke
patients after CABG.13 Postoperative atrial fibrillation also
has been reported to increase the risk of perioperative
stroke in some studies, but not all.5,7,9e12 A combination of
postoperative atrial fibrillation and low cardiac output was
an independent risk factor of delayed stroke.5
In the current study, approximately half of the strokes
were early strokes. Early strokes (n Z 5) resulted from
three major mechanisms: (1) atherosclerotic emboli from
manipulations of the atherosclerotic aorta (n Z 1); (2)
intraoperative hypoperfusion in the setting of preexisting
stenosis of carotid artery (n Z 1) or small penetrating ce-
rebral artery (n Z 2); and (3) cardiogenic embolization
(n Z 1). The remaining half of the strokes were delayed
strokes. Delayed strokes (n Z 6) predominantly resulted
from cardiogenic embolization (n Z 5), which was attrib-
uted to perioperative cardiac events and postoperative
atrial fibrillation.
Several limitations of our study should be recognized.
First, because of a small study population, we could not
properly examine the independent risk factors of early and
delayed strokes in the setting of systematic OPCAB. Sec-
ond, the rate of preexisting carotid or cerebral artery
atherosclerosis was insufficient because of the absence of
preoperative carotid artery ultrasound or cerebral angiog-
raphy. It is difficult to clarify the etiology and mechanism.
Third, some of the stroke mechanisms were speculative.
Fourth, we collected data of stroke occurring prior to
discharge. Furthermore, sensory stroke and cerebellar
stroke might be undetected because of its difficulty in
diagnosis. Because the ambiguous symptoms of transient
ischemic stroke were indistinct and often neglected by
clinicians after surgery, we did not enroll transient ischemic
stroke into our study participants. However, the ischemic
episode should be further analyzed to gain a better un-
derstanding of stroke mechanism after OPCAB. Thus, the
incidence of stroke may be underestimated. However, this
is the first study addressing the clinical presentation, im-
aging findings, and mechanisms of early and delayed stroke
after systematic OPCAB. Our data suggested that future
preventive measures should consider temporal onset and
mechanisms of early and delayed stroke.The incidence of stroke after systematic OPCAB was low.
Early and delayed strokes were equally distributed. Stroke
mechanisms were predominantly embolic. Early and
delayed stroke differed in their mechanisms. Early and
delayed stroke should be considered as two separate en-
tities and different preventive strategies should be applied
in future intervention.References
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